Abstract Advances in taphonomy and stratigraphy over the past two decades have dramatically improved our understanding of the causes, effects, and remedies of incompleteness in the fossil record for the study of evolution. Taphonomic research has focused on quantifying probabilities of preservation across taxonomic groups, the temporal and spatial resolution of fossil deposits, and secular changes in preservation over the course of the Phanerozoic. Stratigraphic research has elucidated systematic trends in the formation of sedimentary gaps and permanent stratigraphic records, the quantitative consequences of environmental change and variable rock accumulation rates over short and long timescales, and has benefited from greatly improved methods of correlation and absolute age determination. We provide examples of how these advances are transforming paleontologic investigations of the tempo and mode of morphologic change, phylogenetic analysis, and the environmental and temporal analysis of macroevolutionary patterns.
INTRODUCTION
Ever since Darwin first raised concerns about the completeness of the fossil record as an evolutionary archive, paleontologists have devoted considerable attention to the causes, recognition, and mitigation of gaps in the record (Paul 1982 , Donovan & Paul 1998 , McKinney 1991 , Kidwell & Flessa 1996 , Behrensmeyer et al. 2000 , Holland 2000 . This work has elaborated the many ways in which the record can be an imperfect document of history, including gaps in paleontologic time series from failures in fossil or rock preservation, and distortion of biological trends owing to variable environments and rates of sedimentary accumulation. However imperfect it may be, this record is a unique window into life on earth and provides, at the very least, data on the minimum 562 KIDWELL HOLLAND possible ages of morphologies and taxa, on taxonomic richness and morphological variety through time, and on the environmental and geographic distribution of life through time. The immense value of such information for evolutionary analysis drives the exploration of the pitfalls of fossil preservation and the development of protocols to maximize the quality and quantity of data retrieved from the record.
Here we summarize what paleontologists and geologists have learned over the past 20 years about the nature of the stratigraphic record as an archive of biological information, highlight some of the successful strategies that have been developed to deal with incompleteness, and recommend directions for future research (for a comparable treatment of ecological questions, see Kidwell & Flessa 1996) . Owing to the breadth of evolutionary questions, paleontologists are concerned with the quality of the record at many scales, from that of populations sampled at a single geological instant, to species-level traits such as geographic extent, evolutionary duration, and interpopulation variation, to clade-and higher-level dynamics that require time series spanning even greater stratigraphic intervals and accurate determination of the relative geologic ages of widely spaced deposits ( Figure 1 ). The natural processes that structure the available record in time and space-the selective postmortem preservation of organic remains (taphonomy) and the selective archiving of the sedimentary deposits that entomb those remains (stratigraphy)-are the subject of this review. These factors are examined at the scale of individual beds (single samples of the finest temporal resolution), stratigraphic sections (time series captured at a single point on earth) ( Figure 1A ), and geographic regions whose natural boundaries are usually determined by climate and tectonics (Figure 1B, C) . Because of our expertise, we emphasize benthic macroinvertebrates whose biomineralized skeletons, together with those of biomineralizing microfossils (foraminiferans, radiolarians, ostracodes, etc.), dominate the marine fossil record. However, many of these issues and solutions devised for them also apply to the fossil record of vertebrates, plants, and soft-bodied organisms.
In general, research into the nature of the fossil record has brought a long-needed shift away from a search for total completeness, which is never achieved, even in neontological sampling. Instead, paleontologists now test for the adequacy of a particular segment of the fossil record, that is, whether data at hand are sufficient to address a specific evolutionary question (Paul 1982) . Research has also broadened from a concern with gaps in evolutionary time series-the concept of completeness in Darwin's sense (and see Sadler 1981) -to include additional aspects of data quality (Behrensmeyer et al. 2000 , Kowalewski & Bambach 2002 ). Resolution refers to the level of detail that can be recovered from the fossil record, such as organelle-versus cell-versus tissue-level preservation of anatomy, high versus low degrees of time-averaging (mixing) of successive generations of a species into a single bed, or high versus low resolution on the original spatial distribution of a taxon. Bias refers to the distortion of the underlying biological signal by selective QUALITY OF THE FOSSIL RECORD
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Figure 1 Paleontologists are concerned with the quality of the record at many scales. (A) Within a single measured section, that is, the succession of beds visible at a single locale that usually spans only part of a species' full evolutionary duration. The primary concerns are the extent of mixing of generations (time-averaging) within each sedimentary bed that is a few millimeters to a few tens of centimeters thick, the magnitude of time represented by each of the planes that separates beds (stratigraphic gaps) and the potential to mistake a morphological trend that is linked to local environmental change (geographic shifting of a cline) as true evolutionary change. Environments differ in the steadiness of sediment accumulation (frequency of gaps) and in the rate of sedimentation (both affecting time-averaging), and they also differ in their favorableness to the preservation of organic remains. (B) More complete time series are constructed by combining data from many local sections of varying completeness and quality. The solid lines running across this cross section separate three temporally distinct depositional units ("sequences"), each comprising a lateral array of depositional environments that have migrated over time first toward and then away from the continent. Each lithologically distinct body within a sequence may be formalized as a stratigraphic formation. Sequence boundaries are recognized by strong offsets in environment and signify larger gaps than those between beds within a sequence. Each of these major gaps diminishes in magnitude seaward. Paleontologic information on the tempo and mode of species evolution and on lineages usually requires compiling data from multiple sequences within a region because species have average durations of ∼5 million years (my), and depositional sequences each typically represent ∼1-3 my. (C ) Paleontologic data from many regional composite time series must be correlated to build global perspectives on biotic change. Regions differ in the completeness of their record and in their dominant environments, owing to differences in their plate-tectonic and climatic histories. preservation, sediment accumulation, and paleontological collection, including, for example, modification of the relative abundances of morphs because fragile forms have been lost, underestimation of the relative species-richness of clades because of differential preservation potentials of their body plans or of their preferred habitats, or skewing of temporal trends because successive samples could not be collected from comparable habitats or taphonomic conditions. Thus, a collection of fossils from a single bed might contain a high-resolution but highly biased sample of the original morphologic and species composition of the original fauna, and a data set generated by sampling through a series of beds might comprise a fairly complete time series composed of individual high-resolution assemblages but nonetheless might be biased by changes in habitat among successive beds (Figure 2 ).
Figure 2
The quality of the fossil record is scale dependent. Fossils extracted from a single bed may constitute a virtual biological census and have a high degree of time resolution (short blocks in cartoons) or be time-averaged to some degree, providing a lower time-resolution sample (long blocks). The historical time series provided by these segments may be complete, containing fossils from each elapsed increment of time of a particular scale, or may contain significant gaps. End-member combinations of per-bed time resolution and section completeness are illustrated by timelines (A-D) (see text). Real patterns are generally more heterogenous, especially in shallow-marine macrobenthic records (E ) (timeline to complement Figure 1A ) and continental vertebrate records (F ), owing to lateral shifts in environments over time. Compositing paleontologic data from multiple sections and sedimentary basins attempts to compensate for this variability within single sections.
GEOLOGIC CONTROLS ON THE QUALITY OF THE FOSSIL RECORD
Time-series data vary in completeness, temporal resolution, and compositional bias as a function of depositional environment and geologic history and as a function of the taxonomic group being targeted. These stratigraphic and taphonomic factors are key to acquiring high-quality paleontologic time series at any scale, that is, in acquiring data that are of comparable quality (isotaphonomic samples; see Behrensmeyer & Hook 1992) .
Taphonomy: The Fossilization of Biological Remains
Much taphonomic research has been concerned with the rates and variability of postmortem processes, and the challenge now is to move from a phenomenology of the modification and accumulation of organic remains to quantitative models of bias in paleobiological data (for reviews see Behrensmeyer et al. 2000 , Briggs & Crowther 2001 . Four themes of this research are essential components of any quantitative model of preservation and are directly relevant to evolutionary analysis using the fossil record.
PROBABILITY OF PRESERVATION Taxa do not have equal probabilities of preservation, with the most obvious demonstration being the poor fossil record of most organisms that lack mineralized skeletons. Preservation of entirely soft-bodied organisms requires unusual environmental conditions that are geologically rare, such as anoxia or catastrophic burial with rapid mineral replacement by specialist microbial communities (Briggs & Crowther 2001) . When it occurs, such preservation provides valuable windows into the anatomy and habitats of these groups and can be important simply by virtue of being the earliest record of taxa and morphologic characters. However, stratigraphic horizons with comparable preservation are generally so widely spaced or environment specific that evolutionary time series for these groups are highly incomplete. Similarly, DNA is rarely, if ever, preserved in rocks older than 100,000 years (Bada et al. 1999 , Cooper & Poinar 2000 , despite a number of early claims.
In contrast, biomineralizing taxa are comparatively well represented and are consequently the focus of most evolutionary analyses by marine paleontologists. For example, ∼50% of scleractinian coral, ∼75% of echinoid, and ∼90% of shelled mollusk species found alive today are represented by dead skeletal material in locally accumulating sediments (reviewed by Kidwell & Flessa 1996) . Postdepositional processes can reduce the percentage of taxa preserved; for example, only ∼80% of modern shelled mollusk species in the Californian province are preserved in the local Pleistocene record (Valentine 1989) . However, at higher taxonomic levels and larger geographic scales, recovery is improved. For example, 100% of Californian molluscan genera have a local fossil record (Valentine 1989) , and from a single intertidal zone, Schopf (1978) found that 75% of lightly mineralized and 100% of well-mineralized genera have a known fossil record somewhere in the world.
Within major biomineralizing groups, taxa lost in the fossilization process are often predictable from body size (small-bodied forms are most susceptible to loss), tissue microstructure (hardparts constructed of aragonite, rather than calcite, or of high organic content, rather than low organic content), population size, and other factors intrinsic to each taxon (Kidwell & Flessa 1996) . These basic patterns determine the taxa that are best suited for testing a given evolutionary question. Alternatively, if the study is targeted to a particular taxonomic group, then these same guidelines can be used to identify a "taphonomic control taxon" to determine when absences of the target are biologically, rather than taphonomically, determined (Jablonski et al. 1997) . Cyclostome bryozoans, for example, have been used as control taxa for the early evolution of cheilostome bryozoans. The control taxon has similar ecological requirements to the target and a preservation potential that is comparable or less. Thus, if the control taxon is present in a deposit, then the target taxon would be expected to have been preserved and collected if it actually co-occurred in that unit.
TIME RESOLUTION WITHIN SINGLE BEDS
Because sediment accumulation at the scale of beds is highly episodic in most environments (timed with storms and floods, for example, rather than occurring steadily), net rates of stratigraphic accumulation are commonly slow relative to the life span of individual organisms. Consequently, the skeletal remains of multiple generations typically become mixed within a single bed. This time-averaging of local but noncontemporaneous remains is pervasive in the fossil record: It explains why fossilized individuals are rarely found in their original life orientations, but instead are rotated and disarticulated (Walker & Bambach 1971) . When conditions of slow net sediment accumulation are so prolonged that they encompass a period of environmental change, then remains from more than one habitat can become mixed into a single bed, leading to faunal or environmental condensation (Fürsich 1978 , Kidwell & Bosence 1991 . Thus, a sample from a time-averaged fossil assemblage is not expected to be comparable to a modern biological census; instead, it is a selective summation of individuals that were alive at some point during an extended period of time.
The absolute duration of time-averaging in fossil assemblages can be inferred from Recent sediments in which the organic remains of several different groups have been dated using radiocarbon decay and amino-acid racemization. These studies indicate that in many nearshore marine environments, presently accumulating sediments include mollusk and foraminiferan shells up to several hundreds or a few thousands of years old (Flessa & Kowalewski 1994 , Meldahl et al. 1997 , Martin et al. 1996 , Kidwell & Best 2001 . Shell ages range up to 20,000 or 30,000 years in the thin shelly sands that cover continental shelves and record the entire postglacial rise in sea level (Flessa & Kowalewski 1994 , Flessa 1998 , Anderson et al. 1997 ).
Areas of more rapid sediment accumulation, such as lagoons, bays, deltas, and lakes, permit less time averaging per bed and approach decadal time resolution for mollusks and pollen over significant periods of time (e.g., Brewster-Wingard et al. 2001 , Webb 1993 . To achieve a finer, e.g., annual or seasonal level of time resolution within time series, the paleontologist must focus on those cases where deposition was either continuous, such as deep-sea sediments composed of planktonic debris, or frequent, such as varved lake sediments (e.g., Bell et al. 1987) , but permanent in either case. Due to episodic sedimentation, high-resolution assemblages also occur scattered within intervals dominated by lower resolution assemblages.
Paleontologists are thus able to generate time series with annual or decadal time resolution in only a few settings, but even in relatively strongly time-averaged records (hundreds or thousands of years per sampled bed), the level of temporal resolution is often many orders of magnitude finer than the average duration of species and high-resolution samples will be present (Jablonski 2000) . Moreover, decadal and centennial time averaging is not necessarily disadvantageous to biological analysis because time averaging can smooth the noise of seasonal and annual fluctuations in populations (Peterson 1977) . One encouraging result from recent research is the growing evidence that although time-averaged assemblages contain old specimens, they are numerically dominated by taphonomically young shells, that is, by individuals that died during the final phases of time averaging (Meldahl et al. 1997 , Olszewski 1999 , Kidwell 2002 . Such samples should thus have an effective time resolution that is much finer than the full duration of time averaging.
SPATIAL RESOLUTION Because population patches-even those of sessile colonies-commonly migrate or shift over time, time averaging generally also entails a certain amount of spatial averaging (Behrensmeyer & Chapman 1993 , Miller & Cummins 1990 ). Spatial mixing from postmortem transport, in which species are preserved in sediments outside their life habitat, does not appear to be a significant bias for many taxonomic groups, including marine macrobenthos, benthic foraminifera, and land mammals not living near major rivers (Behrensmeyer & Dechant Boaz 1980 , Kidwell & Flessa 1996 , Anderson et al. 1997 . Where outof-habitat transport is significant, it is increasingly well understood (Jackson & Cheetham 1994 , Davis 2000 and can even be advantageous from the perspective of gathering spatially coarse occurrence data, such as confirming the regional presence of a taxon. Postmortem transport of a taxon to areas outside its original biogeographic range appears to be negligible in all but a very few predictable groups, such as shelled cephalopods, which occasionally drift for vast distances. Species assemblages atypical of modern conditions are thus more likely to arise from individualistic behaviors of species during life (e.g., Webb 1993 , Graham 1993 or from time averaging of individuals from provinces whose boundaries have shifted over time (e.g., Roy et al. 1996) .
SECULAR CHANGES IN PRESERVATION
The quality of the fossil record as a biological archive has almost certainly changed over the course of earth's history for many reasons (Allison & Briggs 1993a , Kidwell & Brenchley 1994 , Kowalewski 1996 , Taylor & Allison 1999 , Behrensmeyer et al. 2000 , Behrensmeyer 1999 ). For example, plate tectonics has shifted many continents-particularly North America and Europe, whose fossils dominate the described fossil record-from tropical to nontropical positions over the Phanerozoic (past ∼550 million years). Over the same time, Earth has undergone multiple cycles of greenhouse and icehouse conditions as well as possible changes in seawater chemistry that affect the postmortem solubility of calcium carbonate and other key biominerals. In addition, the acquisition via natural selection of different biominerals, skeletal microstructures, environmental preferences, and life habits by clades affects their preservation potential, as does the evolutionary appearance and expansion of organisms that modify or destroy the remains of other taxa (e.g., shell and bone-crushing predators, scavengers, and burrowing and boring organisms).
Thus arguably, one cannot assume that "typical" samples of the fossil record from one geologic age are taphonomically comparable to those from another, nor can one assume that a major clade has a constant preservation potential over its entire evolutionary duration. However, such bias will impinge mainly on attempts to compare patterns over very large stretches of geologic time (e.g., Paleozoic versus post-Paleozoic).
Stratal Architecture: The Accumulation of Fossil-Bearing Strata
The past two decades have seen an intense effort by stratigraphers to characterize and understand the architecture of the sedimentary record, including both (a) the origins of individual beds and sets of beds, each representing time intervals of minutes to tens of thousands of years, and (b) their organization into larger packages of strata, with the largest representing a few million, tens of millions, or hundreds of millions of years (third-, second-, and first-order depositional sequences, respectively) ( Figure 1B ). Much of this stratigraphic work is directly relevant to the quality of evolutionary data, in that stratal architecture determines the duration, timing, and geographic extent of gaps in the sedimentary record as well as the shifting over time of habitats suitable for life or for fossil preservation (Brett 1995 , Holland 1995 . Six themes of this research are particularly relevant to understanding the quality of the fossil record for evolutionary analysis.
NATURE AND DISTRIBUTION OF SEDIMENTARY GAPS
Gaps in the stratigraphic record are produced by local episodes of non-deposition, which can be caused by the failure of sediment supply, the bypassing of sediment to other areas, or the net erosion of previously deposited sediment. These gaps are signified by the planar to irregular surfaces that separate one bed from the next, as observed in outcrops. The durations recorded by these individual bedding planes and discontinuity surfaces can be estimated in various ways, and range from a few minutes (e.g., the pause between one avalanche of sediment down a migrating dune face to the next) up to hundreds of millions of years (e.g., the erosion surface created by tectonic uplift of a formerly largely submerged continental block; Sadler 1981 , McKinney 1986 , Anders et al. 1987 . During these episodes, organisms may continue to produce skeletal and other organic remains (aquatic organisms if the area remains submerged, terrestrial organisms if it is exposed as land). However, these remains are especially prone to destruction through breakage, abrasion, boring, and dissolution because permanent burial is delayed, and erosional exhumation itself can also be a process of selective hardpart destruction. Thus, depending on their duration and the environment in which they form, individual gaps in the sedimentary record can be signified by discontinuity surfaces overlain by no skeletal hardparts, by an abundance of time-averaged hardparts, or by a thin lag of highly damaged hardparts, which will be preferentially biased toward the most physically robust, chemically resistant, ecologically abundant, and stratigraphically youngest forms (Kidwell 1991 (Kidwell , 1993 Brett 1995; Rogers & Kidwell 2000) . The time resolution and inherent bias of individual fossil assemblages in a stratigraphic section therefore depends on the context of their occurrence: Those that are physically associated with discontinuity surfaces must be approached with caution and are generally best suited for coarse-scale analyses (e.g., presence of a taxon within a geologic period and region).
Some environments are more prone to producing sedimentary gaps than others. Land is primarily an area of erosion and weathering, lakes and shallow-marine environments are primarily sites of sediment accumulation, and the deep-sea is starved of most sediment input other than the deposition of airborne dust, suspended clay, and pelagic organisms. Continental records thus commonly contain many discontinuity surfaces of long duration, so paleontologists commonly target the particular regions (e.g., areas undergoing sustained tectonic subsidence, such as foreland basins) and environments (e.g., lacustrine deltas, alluvial plains, wetlands) that favor more continuous sediment accumulation and postmortem conditions favorable to fossil preservation ( Figure 2D,F) . Lakes provide exceptionally continuous high time-resolution archives within the generally poor continental record (Figure 2A or B) but tend to be spatially limited and geologically short lived, persisting for a few thousand or tens of thousands of years at most (the Eocene Green River lake system of Wyoming is one of the most famous exceptions). Deposition is also relatively continuous but localized and short lived in estuaries and bays (Figure 2A or C ). Shallow marine shelf and slope (hemipelagic) settings accumulate the bulk of land-derived sediment and in the tropics can be areas of major biogenic carbonate accumulation including reefs. These environments are both widespread and relatively long lived geologically, but deposition is highly variable and episodic on timescales ranging from seasons to millions of years (cycles of sea-level rise and fall), thus generating local sections of heterogeneous quality (Figure 2A ,B,E). In many instances, this variability is still rapid, indeed, cyclic, relative to the duration of species, and thus has fewer consequences for some evolutionary analyses than for others. Finally, deep-sea records receive slight but highly continuous sediment input. Thus, they typically have few large gaps but can suffer from considerable time averaging and condensation of skeletal input because net stratigraphic accumulation is so slow (Figure 2A or C ) . In abyssal depths, calcareous hardparts are also subject to dissolution. Workers consequently focus on oceanic zones of relatively high productivity, where the rain of microplankton and other detritus was most intensive, and concentrate on the most dissolution-resistant taxa where possible. Unfortunately, because these deep-sea environments are prone to burial, deformation, and destruction by plate tectonic processes, nearly everything we know about marine life in the past (especially before the past ∼150 million years) is from the shallowest water environments (≤∼200 m).
Within those constraints, however, the international Ocean Drilling Project (ODP; formerly Deep Sea Drilling Project, DSDP) has provided a wealth of richly fossiliferous sedimentary cores for evolutionary analysis at many scales (Jackson & Cheetham 1999 , Chapman 2000 , MacLeod et al. 2000 , Norris 1991 , Kucera & Malmgren 1998 .
Thus, in any given local section, the number and type of gaps depend heavily on how environments shifted across the area during the time interval under study ( Figure 1B) . The longer the geologic interval is under study, the greater the potential for temporal variation in environments, which changes the quality of the record that is available to be sampled locally (Figure 1; 2E & F) . This is a difficulty for local studies: The paleontologist must broaden the study area in order to be able to track a single habitat over time, and thus studies of long evolutionary time typically are regional in scope. Increasing the length of time encompassed by a study also increases the number of major gaps one can expect to encounter. In general, temporally prolonged gaps such as created by significant relative falls in sea level from ice-sheet formation or tectonic uplift affect larger geographic areas than do short gaps. Large gaps are thus more difficult to overcome by compositing data from multiple sections than are small gaps, such as those created by migrating tidal channels, and so interpretations of paleontologic patterns must generally take the fact of these larger breaks into account.
RELATIONSHIP BETWEEN THICKNESS AND TIME The amount of time represented by a given bed varies widely: Ten centimeters of sediment can reflect nearly instantaneous deposition during a storm or flood, several decades of accumulation in a lake or bay, or several thousand years in an offshore habitat. Moreover, a local section can include any number and magnitude of erosional and nondepositional breaks. Consequently, stratigraphic or rock accumulation rates (thickness per unit time) range over 11 orders of magnitude and vary as a function of depositional setting (Sadler 1981) . In lakes and the deep sea where sediments accumulate steadily, the relative spacing of fossils through a stratigraphic record can frequently be treated as a simple time series in which rock thickness can be a good proxy for elapsed geologic time between paleontologic events (but see MacLeod 1991 and MacLeod & Keller 1991 for exceptions). This is not feasible, however, in riverine and shallow marine settings where sediment accumulation is much less steady on scales often of thousands to tens of millions of years; apparent rates of evolution will be highly distorted if one takes rock thickness as a proxy for geologic time (Holland & Patzkowsky 1999 ). Sadler (1981) proposed a practical method of evaluating the stratigraphic completeness of individual sections, based on the ratio of the rock accumulation rate of the target stratigraphic section over a span of time to the average accumulation rate expected for that sedimentary environment in such a period of time. Thus, if the stratigraphic record needs to be relatively free of gaps of a given length for a particular evolutionary study to be conducted, one can calculate the percent completeness of various candidate local sections at that requisite scale before paleontological sampling is begun.
CHANGES IN ENVIRONMENTAL CONDITIONS
Due to sea-level changes, climatic changes, and the latitudinal shifts of continents, depositional environments shift laterally over time, causing local stratigraphic sections to preserve a series of different depositional environments. In addition to influencing the completeness and accumulation rate of the rock record, such environmental shifts also exert an ecological and taphonomic influence on the occurrence of taxa in local sections, for example, delaying the first occurrence of a taxon after its actual time of evolutionary origination (because populations cannot immigrate until the appropriate environment exists locally), or causing the last local occurrence of a taxon to predate the actual time of extinction (local ecological extirpation usually precedes ultimate evolutionary exinction). In cases where environmental changes are minimal or where taxa are not strongly controlled by environment, numerical modeling indicates that this difference in age, known as range offset, is likely to be on the order of tens to hundreds of thousands of years on average (Holland & Patzkowsky 2002) , an estimate in agreement with that seen in Neogene planktonic microfossils (Spencer-Cervato et al. 1994) . Given average species durations of 4 million years, such values of range offset would represent on the order of 1% to 10% of the species duration. In contrast, values of range offset in shallow marine shelf are typically on the order of 1-2 million years in shallow marine shelf settings, where environments migrate strongly in response to third-order sea-level fluctuations (Holland & Patzkowsky 2002) (Figure 1 ). In such circumstances, different amounts of range offset for taxa that overlap in time can cause their relative times of apparent origination (or extinction) in a local section to be reversed. Latitudinal shifts of continents and longer-term sea-level changes could likewise cause local values of range offset of higher taxa to be in the tens of millions of years, so that, for example, the presence of tropical corals in a region will change according to its latitudinal position and sedimentary environment.
Although only recently quantified, this problem of environmental control on species occurrences within their evolutionary range is long recognized by paleontologists. The main method of reducing the artifacts in timing is also long recognized, namely, compositing data from stratigraphic sections over a broad geographic range so that key environments can be collected for each increment of geologic time. In practice, correcting for such environmental control has not been done as routinely as it should be. Furthermore, it is simply not possible in some instances: Geologic processes may have selectively removed the record of particular environments from throughout the known geographic range of the target taxa, making the removal of such bias in fossil ranges difficult unless areas with very different tectonic and depositional histories are compared ). This is a particular problem for endemic taxa because rises and falls in sea level are likely to affect a relatively small area synchronously, leaving few local environmental refuges for taxa to occupy-and be preserved in-during some intervals of time. Environmental homogeneity of the record and endemicity of the biota are thus factors in determining whether a given fossil record is likely to be adequate for testing a particular evolutionary question.
FORMATION OF A PERMANENT ROCK RECORD
The net accumulation of sediments into a permanent stratigraphic record requires subsidence of Earth's crust, such that deposition exceeds erosion over evolutionarily meaningful intervals of time. The subsidence that generates sedimentary basins is localized both spatially and temporally by plate tectonics. The typical durations of subsidence episodes range from a few millions to a few tens of millions of years in relatively short-lived basins (e.g., rift systems of East Africa and the Gulf of California, small intermontane basins of the Rocky Mountains, basins along strike-slip faults such as the San Andreas) to several hundred million years in more slowly subsiding regions (e.g., continental margins of Atlantic-type ocean basins). As a result, individual biogeographic provinces vary in the completeness or even existence of their stratigraphic records (e.g., Foote et al. 1999) or may undergo windows of preservation and nonpreservation, depending on their history of subsidence. Thus, comparative analyses of the diversity dynamics and biogeographic histories of co-occurring clades, all subject to similar natural sampling regimes, will often be more robust than comparisons among widely separated regions or among quite different time intervals. Furthermore, sedimentary basins must survive tectonic destruction during subduction and continental collision. For example, deep-sea environments have a minimal geologic record prior to the Jurassic because oceanic lithosphere undergoes subduction, resulting in the destruction of most accumulated sedimentary record.
RESOLUTION IN CORRELATION
The resolution of stratigraphic correlation, that is, of establishing the age equivalency of rocks in different areas, can be very high (<1 year in exceptional cases) over short distances, but generally decreases as geographic distance increases. The refinement of geophysical methods of correlation using the remnant magnetism of rocks, which record ancient reversals in earth's magnetic poles, has greatly improved the correlation of continental fossil records within some regions and of Cenozoic age rocks in general. However, it is difficult to establish a global chronology of biological events at the same fine resolution that can be achieved locally and regionally, and this difficulty becomes more acute deeper into the geological past. In Paleozoic and Mesozoic rocks, for example, global correlation generally cannot be achieved with higher resolution than a geologic stage, which has an average duration of ∼6 million years. There is thus a trade-off between temporal resolution and spatial coverage in species-level and other evolutionary analyses (Jablonski 2000) . Fortunately, recently developed geochemical correlation methods based on stratigraphic variation in oxygen, carbon, and strontium stable isotopes, as well as methods that tune pelagic lithologic cycles to Milankovitch astronomical cycles, are overcoming the usual tradeoff between temporal resolution and geographic distance and are finding widespread application, especially in the marine record of the last 60-80 million years (Hinnov 2000) . For some intervals, these methods allow resolution in global correlation to approach tens to hundreds of thousands of years (Berggren et al. 1995 ). In addition, major improvements in the precision of radiometric dating are permitting higher resolution correlation throughout the fossil record, as well as better information on the absolute ages of events (Bowring et al. 1993 , Bowring & Erwin 1998 .
Thus both regional-and global-scale time series for lineages and clades can now be constructed with greater precision and confidence in the relative timing of events and in the rates of evolutionary processes. Advances in radiometric dating have also improved the calculation of evolutionary rates and, combined with a suite of new correlation methods, permit the fine structure of mass-extinction events and major taxonomic radiations to be resolved with much greater confidence (Bowring & Erwin 1998) .
SECULAR CHANGES IN THE STRATIGRAPHIC RECORD
Some of the largest-scale patterns in evolutionary paleobiology, such as Phanerozoic trends in biodiversity, are vulnerable to broad changes in the nature of the stratigraphic record, wrought by physical evolution of the earth. These potential biasing factors include some of the same factors that are thought to cause large-scale trends in the quality of fossil preservation (see section above), and are the subject of intense current research (e.g., Peters & Foote 2001 , Powell & Kowalewski 2002 , Alroy et al. 2000 , Smith 2001 ). All workers presently express considerable uncertainty about the actual magnitude of artifactual effects, and most of the same issues were hotly debated during the earliest modern work on the subject (e.g., Sepkoski et al. 1981) . A new generation of analyses is now possible because of improved geological information, new approaches to modeling, and increasingly powerful database options.
Three factors appear to have greatest potential to bias diversity trends at this scale.
The shift of North American and European continents from exclusively
tropical latitudes in the Paleozoic to largely temperate latitudes in the Mesozoic and Cenozoic (e.g., Allison & Briggs 1993b). Because most global trends are extrapolated from information drawn primarily from these two regions, some workers have estimated that global post-Paleozoic diversity might be underestimated by two-to fivefold at the genus and species levels given the strong diversity gradients documented for most major groups in modern and earlier times (Allison & Briggs 1993b , Jackson & Johnson 2001 . 2. The Pull of the Recent (Raup 1979) inflates late Cenozoic taxonomic richness relative to earlier geologic intervals owing to our knowledge of living biota, which extends the known stratigraphic ranges of fossil taxa up to the Recent from isolated fossil occurrences. Because no part of the history of a group in the deeper past is ever as well sampled as the modern fauna, the stratigraphic ranges of relatively young taxonomic groups are lengthened artificially by their present-day occurrences. The magnitude of the Pull of the Recent has historically been difficult to quantify (but see Foote 2001 Foote , 2002 Jablonski et al. 2002) . Pull of the Recent would be expected to be most severe for taxa with poor preservation potential, rare taxa, stenotopic taxa, and taxa confined to poorly sampled geographic provinces; a concerted effort on compiling published and new data on Late Cenozoic occurrences will allow the actual magnitude of this effect to be tested rigorously. Similar effects to the Pull of the Recent occur to a lesser degree elsewhere in the stratigraphic record where the biota of one time interval is much better known than adjacent time intervals.
3. Fluctuations in the volume and environmental composition of the marine rock record that are available to sample track closely two ∼300 million year cycles of sea-level rise and fall: Shallow-marine deposition was at a minimum in the late Proterozoic to earliest Cambrian Periods, peaked in the Ordovician, and returned to low levels in the Permian; the second cycle peaked in the Cretaceous and has since undergone a net decline (for some new metrics of available rock record, see Peters & Foote 2001 ). This firstorder sea-level history resembles that of Phanerozoic marine biodiversity at the family level (Sepkoski 1984) except that diversity continues to rise from the Cretaceous to present-day, and new analyses find a close correspondence in stage-by-stage genus diversity (Sepkoski 1997 ) and available rock (Peters & Foote 2001 , Smith 2001 , again except for a final rise to present-day levels. The long-standing (Sepkoski et al. 1981) controversy concerns the biological reality of the "excess" diversity in the late Cenozoic. The Paleobiology Database project (http://paleodb.org) began as an effort to develop genus-level diversity data that were standardized to sampling intensity. Data are still insufficient to be conclusive (Alroy et al. 2000 , Jackson & Johnson 2001 , but the design of the database will ultimately allow a standardized sampling of Phanerozoic diversity, including tests of the effects of extrapolation from particular regions or latitudinal spread.
STUDYING EVOLUTION IN AN INCOMPLETE FOSSIL RECORD
Taphonomy and stratal architecture can undoubtedly distort evolutionary patterns in the fossil record and can even create apparent evolutionary patterns. However, in many cases it is possible to compensate and correct for the imperfections of local sections by tailoring sampling strategies and analytical techniques and by using taxonomic groups suited to the particular question at hand.
Tempo and Mode of Morphologic Change in Species and Lineages
Morphometric data are collected from the fossil record for a variety of evolutionary studies, ranging from the separation of ecophenotypic variation from evolutionary morphologic change between and during speciation events, to the tracking of clade trajectories through a multivariate morphospace (Foote 1997) . A sample of morphologies collected from a single bed of fossils can usually be assumed to be time-averaged to some extent and thus will not be equivalent to a census of a living population, but the consequences for morphometric data are not yet clear.
In theory, we expect that time averaging will tend to increase variance and even shift the mode relative to a live census owing to the mixing of populations, but under some circumstances, it might decrease variance by the selective destruction of fragile morphs (Kidwell 1986 ). In contrast, most empirical tests find neither effect (Bell et al. 1987; Cohen 1989; Bush et al. 1999 Bush et al. , 2002 Hunt 2001) . One possible explanation is that these particular test taxa are morphologically stable from census to census over the temporal and spatial scales captured by time averaging. Alternatively, time-averaged assemblages might be overwhelmingly dominated numerically by specimens added during the most recent interval of time and thus be closer in temporal resolution to a biological sample than previously thought (Kidwell 2002) . Of course, for large-scale morphometric studies focused on the average form of a species rather than on intraspecific population-level variation, the effects of time averaging are unimportant or, at least, will generally be nullified by comparing among similarly time-averaged fossil collections, (for criteria to estimate time averaging, see Behrensmeyer & Hook 1992 , Kidwell & Flessa 1996 . Local stratigraphic series of intraspecific morphologies reflect changes over time, but this can be interpreted in direct evolutionary terms only if the record is uncomplicated by environmental change over the same interval. In some settings, most notably the shallow marine records that contain the largest numbers of macrobenthic fossils, up-section changes in morphology reveal more about species' responses to environmental change than their evolutionary histories (Bayer & McGhee 1985; Cisne et al. 1980 Cisne et al. , 1982 Daley 1999; Ludvigsen et al. 1986; McGhee et al. 1991) . Similar ambiguity can arise in nonmarine records, even when data from multiple sections have been composited if, for example, all sections are from a single basin and thus share a single climatic or other environmental history. Many reported cases of gradualism in the fossil record (e.g., Sheldon 1987) are compromised by up-section environmental change, which can be subtle for some environments.
Up-section variation in sedimentation rate can also distort the record of evolutionary patterns within single sections. In particular, intervals of low net sedimentation rates (condensed beds), or gaps formed by erosion or complete nondeposition of sediment, tend to increase the perceived rate of morphologic change (MacLeod 1991) and can generate apparent jumps in morphology. Again, the answer is to acquire good sedimentologic and taphonomic information on the context of fossil occurrences in local sections (in order to identify sharp changes or events that might be preservational noise), and then composite data from multiple sections, particularly sections with different histories of sedimentation and environmental change (in order to build a time series with the most useful segments of record). Using multiple sections from more than a single basin can permit geographic variation to be isolated successfully from true evolutionary change (Jackson & Cheetham 1994 , Lieberman et al. 1995 . It is also possible to play one lineage against another: For example, if one shows saltation in the same section where another is evolving gradually at a constant rate, it is difficult to argue that the saltation is an artifact of a gap (e.g., Fortey 1985) .
In contrast to gradual and abrupt up-section changes in morphology, morphologic stasis is not produced by any known stratigraphic or taphonomic process and must represent a true evolutionary pattern. In fact, the presence of stasis in numerous lineages over long intervals of geologic time (Jackson & Cheetham 1999) is all the more remarkable given the pervasiveness of time averaging, changes in sedimentation rates, the presence of stratigraphic gaps, and the ubiquity of changing sedimentary environments in the fossil record, all of which would be expected to be reflected by changes in morphology.
Phylogenetic Analysis
The fossil record is the only direct evidence of the history of life on Earth. As such, fossils have played a variety of roles in phylogenetic analysis. One underlying debate is the extent to which the relative timing of first and last fossil occurrences in the stratigraphic record should be used, given long-standing concerns about the quality of occurrence data, new molecular lines of evidence for determining ancestor-descendent relationships, and widespread adaptation of cladistic methods, which were originally devised to rank relationships on biological evidence alone. At one extreme, investigators have argued that occurrence data are too flawed to play any but a secondary role in phylogenetic reconstruction. At the other extreme, researchers have argued that the fossil record is adequate to play a role equal to morphologic or molecular data (e.g., stratophenetics of Gingerich 1979 , stratocladistics of Fisher 1994 .
Given the highly variable quality of local and regional records (Figure 1 ), the feasibility of using fossil occurrence data depends on the taxonomic group and geologic setting of the analysis. For example, where fossil occurrences are based on relatively complete and environmentally homogeneous sections, the succession of closely related taxa probably can be inferred with confidence from the stratigraphic record. This does not eliminate the need to have strong spatial coverage or the need to employ statistical analysis to find the most robust occurrence patterns (e.g., Dowsett 1988 ). On probabilistic grounds, it has been argued that ancestordescendant pairs are sufficiently common in the fossil record that phylogenetic methods must be modified to account for their presence or such methods will otherwise produce erroneous results (Foote 1996) .
A variety of phylogenetic approaches have been developed to address the history of life as captured by the fossil record. Stratigraphic data can be used to choose among otherwise equivalent phylogenetic trees, such that the tree with the lowest "stratigraphic debt" or implied missing fossil record is the preferred tree. Similarly, stratigraphic debt and morphologic data can be minimized simultaneously, as in the method of stratocladistics (Fisher 1994) . Fossils may also be used as tests of phylogenetic estimation through consistency metrics, which compare branching order with appearance in the fossil record, and gap metrics, which quantify the length of nonpreservational gaps implied by a phylogeny (Wagner & Sidor 2000) . The stratigraphic consistency index (SCI), perhaps the best known of these metrics, is simply the proportion of phylogenetic nodes that is consistent with the fossil record (Huelsenbeck 1994) . Conversely, some have used phylogenies to estimate the incompleteness of the fossil record. Statistical models that assume an incomplete fossil record have been used to test the plausibility of hypothesized ancestor-descendant relationships (Marshall 1995) . Many of these models start with the working assumption that stratigraphic gaps follow a Dirichlet or similar distribution; however, the demonstration that gaps commonly do not follow such distributions requires a refinement of these methods. A promising lead is the realization that gaps occur in stratigraphically predictable positions, such that advances in stratigraphic modeling will lead to improved paleontological models of fossil distributions (e.g., Holland 1995 , Marshall 1997 .
Some recent phylogenetic analyses based on molecular clocks have questioned the veracity of the fossil record in reflecting evolutionary pathways (Heckman et al. 2001 , Kumar & Hedges 1998 , Murphy et al. 2001 , Wray et al. 1996 . All of these studies have postulated divergence times between clades that are far in excess of those observed in the fossil record. Few tests of the quality of the fossil record relative to the specific claims of these studies have been made, but in at least one case, investigators have concluded that the quality of the global fossil record would have to be at least an order of magnitude worse in the disputed time interval than in later times for divergence times to be significantly older than the fossil record indicates (Foote et al. 1999) . The discrepancy between the fossil record and molecular phylogenies may indicate that older crown group taxa in the fossil record have been unrecognized as such, that older members of crown groups have anomalously low preservation rates, that the early histories of crown groups are hidden in areas with no known fossil record, or that rates of molecular evolution are heterogeneous across groups or vary through a group's history (Foote et al. 1999 ). All of these are possible solutions to this conflict.
Environmental Analysis of Macroevolutionary Patterns
At the largest temporal and taxonomic scales, evolutionary patterns have been analyzed most commonly at the global scale, in part owing to the compendia of genusand family-level stratigraphic ranges by Sepkoski (1984 Sepkoski ( , 1993 Sepkoski ( , 1997 . However, it is becoming increasingly clear that novel patterns can be detected when global data are decomposed into regional or habitat-specific time series. Analyses at these finer scales are vulnerable to artifacts generated by taphonomic and stratigraphic biases, so care must be taken either to seek patterns that are opposed to the predicted effects of the biases or to control for such biases, such as by using taphonomic control taxa to verify taxon absences. For example, post-Paleozoic sampling is more complete in northern temperate regions than in other regions (e.g., Allison & Briggs 1993b), but by controlling for sampling intensity using an inventory of species records across latitude, Jablonski (1993) found that a disproportionate number of marine invertebrate orders first appeared in the tropics. Other evolutionary patterns that appear to be robust to spatial or environmental biases include (a) onshore origination and subsequent offshore expansion of marine invertebrate orders (Sepkoski & Miller 1985 , Jablonski & Bottjer 1991 , Jablonski et al. 1997 and intercontinental variation, (b) the Ordovician marine radiation (Miller 1997 (Miller , 1998 , (c) late Permian plant extinctions (Rees 2002) , and (d ) molluscan recovery from the end-Cretaceous mass extinction (Jablonski 1998) .
Great caution must be used when extrapolating from such environmental and regional differences to global-scale patterns. For example, Rees (2002) found that earlier global compilations of land-plant diversity were heavily biased toward data from a single paleo-continent, leading to interpretations of worldwide catastrophic die-off of vegetation at the Permian-Triassic boundary when the timing and taxonomic focus of extinction actually varied strongly among regions. In the marine realm, workers are well aware of, but rarely adjust for, a strong collection bias toward North America and Europe, which lay primarily in tropical latitudes in the Paleozoic but were extratropical in the post-Paleozoic. It is possible to compensate for these biases in several ways, including seeking more standardized sampling effort, but also by testing for effects that are disproportionate to known differences in sampling or that are contrary to expected taphonomic and stratigraphic biases.
Temporal Analysis of Macroevolutionary Patterns
One of the most extensive applications of the fossil record to evolutionary biology concerns patterns of origination and extinction at regional and global scales. Given the broad geographic coverage of these studies, they have necessarily adopted coarse, stage-level temporal resolution (i.e., average ∼6 million-yearlong time bins) because of the difficulty of high-resolution stratigraphic correlation over long distances. A tacit assumption of these studies is that short-term taphonomic and stratigraphic complications (e.g., within single sections or sets of sections) are eliminated or at least minimized by sampling over broad expanses of time and space. For example, stratigraphic variation in time averaging is not thought to affect Phanerozoic trends in biodiversity. The extent to which such first-order assumptions are true is now being tested in a series of ongoing research projects.
One particular focus of these macroevolutionary studies is the tendency for taxonomic originations and extinctions to occur in brief time intervals. Such clustering may record real evolutionary dynamics, that is, times when life went through genuine bottlenecks or pulses of elevated extinction and diversification. But it is clear that such episodes demand taphonomic and stratigraphic evaluation because similar patterns can be generated by gaps in the record, which truncate the stratigraphic ranges of taxa that actually became extinct or first appeared in the unrecorded interval of time. Last and first appearances are thus artificially concentrated along major discontinuity surfaces. Rapid up-section changes in environment can produce a similar effect. For example, a rapid switch from species-rich-water marine environments to the species-poor deep-water marine environments at the Cenomanian-Turonian stage boundary in Europe has led to overestimating the actual magnitude of mass extinction in this region . Many other mass extinction events, such as the repeated regional trilobite extinctions within the Cambrian Period known as biomeres, the end-Ordovician extinction, and the end-Permian extinction were accompanied by rapid changes in sedimentary environment and preserved rock volume that have almost certainly exaggerated to varying degrees the taxonomic breadth and coordinated timing of these extinctions (Osleger & Read 1993 , Palmer 1965 , Saltzman 1999 , Peters & Foote 2001 , Smith 2001 . However, numerical optimization techniques that simultaneously estimate origination, extinction, and preservation rates (Foote 2003) indicate that most of the "Big Five" mass extinctions in the Phanerozoic marine metazoan record (Raup & Sepkoski 1982) still show elevated extinction above background levels and elevated origination during subsequent recovery periods, even after correcting for changes in fossil preservation rates. Taphonomic and stratigraphic evaluation are thus leading to more conservative yet more confident estimates of evolutionary rates. Moreover, the persistence of such pulses in extinction and origination, even after correcting for unevenness in the fossil record, suggests that the relative changes in sea level that drive major changes in the quality of the fossil record may to some degree drive changes in origination and extinction rate. For example, the sea-level changes that produce stratigraphic gaps and surfaces of abrupt environmental change may also alter the area or nature of habitable shallow marine shelves, climatic changes, and shifts in ocean circulation, all of which may increase speciation and extinction rates (Copper 2001 , Wignall & Hallam 1992 .
In empirical studies, deconvolving the effects of discontinuous sedimentation and changing environmental conditions from true evolutionary dynamics requires (a) paying close attention to the bed-level and environmental context of sampled horizons and of up-section changes in these qualities so that one can test for homogeneity in data quality and (b) compositing data from a sufficient geographic area to escape any shared similarities among sections in the timing of gaps and in the nature of environmental change. Some workers have used the stereotypic patterns of gaps and environmental change produced by sea-level cycles (Figure 1 ) to design sampling strategies that can isolate such artifacts from evolutionarily important extinction and biotic invasion events (Patzkowsky & Holland 1997 .
As an example of the difficulty of distinguishing stratigraphic artifact from paleobiological events, a pattern named coordinated stasis has been described from mid-Paleozoic strata of North America based on the persistence over several million years of marine macrobenthic faunas of relatively static ecological structure, taxonomic composition, and fossil morphologies (Brett & Baird 1995) . These long blocks of stability are separated by short periods (10,000 to 100,000 years) of ecological restructuring with pulsed origination, extinction, migration, and morphologic change. In the original and subsequent reported examples, the pattern of coordinated stasis has not withstood scrutiny: Turnover is commonly timed with discontinuity surfaces and surfaces of rapid environmental change so that the turnover event may have been much more protracted than a face-value reading of the stratigraphic record would suggest (Baumiller 1996 , Goldman et al. 1999 , Holland 1996 . One study that accounted for taphonomic and stratigraphic effects recognized a much more limited degree of faunal stability (Jackson et al. 1996) , and another found no evidence of faunal stability (Patzkowsky & Holland 1997) . The "turnover pulse hypothesis" interprets mammalian faunal change in the Cenozoic of Africa in a similar manner (Vrba 1985) ; subsequent taphonomic and stratigraphic analyses with broader spatial scope have suggested that this too is an artifact of discontinuous stratigraphic accumulation in the original study area (Behrensmeyer et al. 1997) .
Although stratigraphic processes are capable of generating artifactual peaks in origination and extinction, limited sampling or the rarity of fossils can have the opposite effect on fossil occurrence data, causing a genuine pulse in origination or extinction to appear as a more gradual pattern in what has been called the Signor-Lipps Effect (Signor & Lipps 1982) . When the actual probabilities of finding fossils at any given horizon are taken into account, some apparently gradual extinction records at the Cretaceous-Tertiary boundary are consistent with an extinction pulse that has been degraded by the Signor-Lipps Effect (Marshall & Ward 1996 , Sheehan et al. 1991 . Rarefaction and related sampling-standardization methods can also be used to correct for the distorting effects of variable sampling size (Miller & Foote 1996 , Alroy et al. 2001 . Confidence limits on the timing of origination and extinction have been an important recent advance in evaluating the quality of the fossil record (Strauss & Sadler 1989; Marshall 1990 Marshall , 1997 . Early confidence-limit methods made the simplifying assumptions that gaps are randomly distributed and that fossil preservation rates are constant through time, but more recent approaches have replaced these assumptions with more realistic ones, namely, that gaps are nonrandomly distributed and that fossil preservation rates vary through time (Marshall 1997 , Holland 2001 .
At the broader scale of reconstructing origination and extinction rates over geologic time, statistical methods that evaluate the probability of recovering fossils have allowed paleontologists to evaluate the robustness of observed paleobiological patterns. For example, capture-mark-recapture methods borrowed from field ecology have been used to simultaneously calculate extinction, origination, and preservation probabilities among taxa during the Ordovician radiation (Connolly & Miller 2001) . Similarly, numerical optimization techniques have been used to remove the distorting effects of variable preservation probabilities on the record of Phanerozoic origination and extinction rates (Foote 2001 (Foote , 2003 . These methods explore possible combinations of probabilities of preservation, origination, and extinction through time until a maximal fit to the fossil record is found. Although computationally expensive, they represent the first attempt to address quantitatively the effects of variable preservation on the fossil record of biodiversity and turnover rates.
CONCLUSIONS
The fossil record is highly variable in quality from place to place as well as over time at a single location. This variation-in the preservation potential of major groups, in the gappiness of the sedimentary record, in environments represented, and in the temporal and spatial mixing of fossils-is systematic and thus has potential to bias paleontological data. However, the variation is quantifiable and is increasingly well understood. Thus progress will continue in the development and application of sampling protocols and statistical methods that compensate for these effects.
In devising strategies, it is important to realize that (a) no single bias applies to all scales of evolutionary analysis or to all taxonomic groups and (b) no scale or type of evolutionary analysis or taxonomic group is completely free of taphonomic and stratigraphic bias. Thus, there is no single "simple fix": The specific problems faced by the paleontologist depend on the desired temporal and spatial scale of study and the taxonomic group at hand. Recovery of high-resolution evolutionary time series is inherently difficult for certain groups and environments (e.g., nonmineralized groups preserved only in lagerstätten, riverine versus lake environments, and shallow-versus deep-marine habitats). Arguably, the easiest strategies are to shift the target of the high-resolution analysis to conducive clades and settings or to change the focus of the analysis to better match the quality of targeted material: Many taphonomic artifacts at the finest scale, for example, the mixing of morphs from multiple generations or habitats into a single bed by time averaging, are less relevant when working at coarser spatial, temporal, and taxonomic scales. Other taphonomic and stratigraphic effects remain relevant at coarser scales, e.g., the lower preservation potential of taxa with smaller, more gracile, or less fully mineralized skeletons, and some stratigraphic biases come more fully to the foreground in coarser analyses, e.g., when encountering large geographically widespread gaps in the sedimentary record, changes in the proportions of environments available to sample, and declining confidence in the age-correlations necessary for accurate binning of data into composite time series. Some of the worst taphonomic and stratigraphic biases that arise in local sections can be compensated for by compositing data from multiple sections over biologically relevant regions, but in the future, our collection of even coarse-scale data needs to be far more sophisticated: We need to demonstrate, rather than assume, that environmental and taphonomic variation and local incompleteness have been compensated for by coarse binning, and this requires that fossil occurrences be scored according to their context in the record, rather than entered free of any encumbering information as to environment or quality of source.
Electronic databasing now permits the requisite level of taphonomic and stratigraphic bookkeeping on data quality that was not practical in the past. Basic taphonomic research in modern environments and in the stratigraphic record needs to continue its focus on ranking and quantifying taxa in terms of their preservation potential, both to better parameterize paleobiologic models and to inform empirical analysis. Comparisons of patterns among taxa or environments with different preservation potential may be another underexploited approach to separating taphonomic bias from biological signal in situations where simpler null hypotheses are not adequate. Thus, over the past twenty years, paleontologists have become much better positioned to deal rigorously with their long-standing concerns about the quality of the fossil record. That record is and will remain incomplete, but ongoing advances in taphonomy and stratigraphy-and of course continued work to increase the known record, especially in regions undersampled so far-will ensure that it continues to be a valuable source of insight into the evolution of life on Earth.
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